ABSTRACT: Tryptophan (Trp) as a precursor of serotonin (5-hydroxytryptamine, 5-HT) has long been used to extenuate aggressive behavior and control stress of humans as well as several farm animals. This study was conducted to determine the effect of supplemental L-Tryptophan (L-Trp) on growth, cerebral 5-HT concentration, stress hormone concentration, oxidative stress status, and behavior response of pigs under social stress, and also to determine an optimal daily total Trp intake that would benefi t nursery pigs under social stress. Seventy two individually housed barrows at 6 wk of age were randomly allotted to 6 treatments with supplementation of 0, 2, 4, 6, 8, or 10 g L-Trp/kg to corn and soybean meal-based feedstuffs. Pigs were fed assigned feedstuffs for 15 d. Body weight was measured on d 0, 5, 10, and 15. Saliva and blood were collected on d 5, 10, and 15. On d 5 and 10, all 12 pigs in each treatment were paired in 6 new pens to record behavior for a 2-d period and returned to original individual pens. On d 15, pigs were euthanized to obtain hypothalamus. During the fi rst 5 d, ADG and G:F increased (linear, P < 0.01) with increasing supplemental L-Trp. During the entire 15 d, ADG and G:F increased (linear, P = 0.01 and P < 0.01, respectively) with increasing supplemental L-Trp. Estimates of the daily total Trp intake based on ADG on d 15 were 10.8 g/d (P < 0.01; R 2 = 0.16) using a 1-slope broken-line analysis. Hypothalamic 5-HT and 5-hydroxyindoleacetic acid increased (linear, P < 0.01 and P = 0.03, respectively) with increasing supplemental L-Trp. Malonedialdehyde in plasma and hypothalamus, as well as salivary cortisol, on d 15 decreased (linear, P = 0.01, P < 0.01, and P < 0.01, respectively) with increasing supplemental L-Trp. Plasma urea nitrogen decreased (linear, P < 0.01) with increasing supplemental L-Trp. Increasing supplemental L-Trp affected pig behaviors during the fi rst 2-d observation period by decreasing (quadratic, P = 0.04) lying, decreasing (linear, P = 0.04) sitting, and increasing (linear, P = 0.02) drinking. Overall, supplementation of L-Trp improved growth performance of 6 wk-old nursery pigs under social stress in association with increasing hypothalamic 5-HT production, reducing stress hormone concentrations, decreasing lipid peroxidation, increasing drinking, and reducing sitting and lying. Increase in BW gain of nursery pigs under social stress was maximal when daily total Trp intake was 10.8 g.
INTRODUCTION
Stress can be triggered by both external and internal biological changes such as diet, environment, infection, and psychological events (Tsigos and Chrousos, 2002) . For pigs, there are numerous stress factors during the nursery period as pigs are physically separated from their dams and adapting to a new environment because of changing feed and pen mates (Meese and Ewbank, 1973; Otten et al., 1997; Pluske et al., 1997) . These stressors can negatively affect growth, feed intake, feed effi ciency, immune response, behavior, and welfare (Ekkel et al., 1997; Jensen and Yngvesson, 1998; Ruis et al., 2000; Guerra et al., 2003) . Brain serotonergic system reacts to stress factors (Mason, 1968; Henry and Meehan, 1981; Deakin and Graeff, 1991; Chaouloff, 1993; Bagdy, 1996; Graeff et al., 1996; Lepage et al., 2005) . Increases of serotonin (5-hydroxytryptamine, 5-HT) turnover in the brain, as a consequence of stress (Chaouloff, 1993; Bagdy, 1996; Lepage et al., 2005) , improves adaptability to the stress (Mason, 1968; Henry and Meehan, 1981; Deakin and Graeff, 1991; Graeff et al., 1996) .
Tryptophan (Trp) is an indispensable AA for animals. It can serve as the precursor for 5-HT synthesis. The cerebral neurotransmitter 5-HT has a major role in regulating behavioral and physiological processes such as appetite (Zhang et al., 2007) , mood (Markus et al., 2000) , stress hormone secretion (Adeola et al., 1993; Lepage et al., 2003; Koopmans et al., 2005) , immunity (Melchior et al., 2004; Le Floc'h et al., 2009) , activity (Koopmans et al., 2006; Poletto et al., 2010) , and aggressive behavior (Cortamira et al., 1991) . Because Trp can cross the blood brain barrier, an increased intake of Trp can lead to increased Trp concentration in blood and brain, resulting in enhanced 5-HT signaling (Fernstrom and Wurtman, 1971; Meunier-Salaün et al., 1991) . Thus, increasing Trp intake has been tested as a nutritional strategy to control stress in humans (Markus et al., 1998; Attenburrow et al., 2003) .
Previous studies indicate positive effects of dietary Trp supplementation on behavior of farm animals by reducing aggressiveness and stress responses (Savory et al., 1999; Koopmans et al., 2005; Poletto et al., 2010) . However, previous studies have mainly investigated a single quantity of supplementation of L-tryptophan (L-Trp) between 0.5 and 5.0 g/kg, rather than a doseresponse. This study was conducted to test a hypothesis that dietary L-Trp supplementation affects behavior and stress of pigs and also to determine the amount of daily total Trp intake that would stimulate maximum growth performance with concomitant changes in affecting cerebral 5-HT concentration, stress hormone concentration, systemic oxidative status, and behavior of nursery pigs.
MATERIALS AND METHODS
The experimental protocol was approved by North Carolina State University Animal Care and Use Committee.
Animals
Seventy-two individually housed crossbred barrows (11.99 ± 0.21 kg) from 12 litters at 6 wk of age (3 wk postweaning) were randomly allotted to 6 dietary treatments. Each treatment had 12 pigs (n = 12). Six barrow littermates from each of 12 litters were randomly assigned (within litter) to 6 dietary treatments. Thus, 12 pigs in each treatment were from different litter origins. Six dietary treatments were different supplemental quantities of 2, 4, 6, 8, and 10 g/kg) to a corn and soybean meal basal diet. Various amounts of L-Alanine (L-Ala) were added to treatments to formulate isonitrogenous diets. The L-Ala was chosen because it is neither toxic nor has biology function but is extensively catabolized and L-Ala has been used as a nonspecifi c nitrogen source in other studies Wu et al., 2004; Mateo et al., 2007 Mateo et al., , 2008 . The dietary composition is summarized in Table 1 . Pens (1.73 × 0.83 m) with metal screen fl oor were equipped with 1 nipple drinker and 1 two-hole selffeeder. Pigs were fed the diets for 15 d. Pigs had free access to water and diets. On d 5, pigs with similar BW within a treatment were paired and placed together in a new pen (1.73 × 0.83 m; same type of pen) for a 2-d of behavioral assessment. Thus, pigs paired were from different litter origins. There were 6 pens per treatment for the behavioral assessments. Pigs were returned to the original pens and housed individually for a 3-d feeding period (from d 7 to 10). On d 10, pigs were paired again with a new mate with similar BW within a treatment and placed together in a new pen for another 2-d of behavioral assessment (from d 10 to 12). After the second 2-d behavioral assessment, pigs were returned to the original pens and housed individually for a 3-d feeding period (from d 12 to 15). Body weight and feeder weight were recorded on d 0, 5, 7, 10, 12, and 15 for computation of growth performance.
Sample Collection and Processing
Blood samples (7 mL) were collected via jugular vein from all pigs on d 5 and 10 immediately before the behavior testing (0700 to 0800 h) as well as on d 15 (0700 to 0800 h). Blood was collected in vacutainers (BD, Franklin Lakes, NJ) containing EDTA. Plasma was obtained by centrifugation (1,500 × g at 4°C for 10 min) and frozen at −80°C until analyzed for concentrations of malonedialdehyde (MDA) and plasma urea nitrogen (PUN). Platelet-free plasma (PFP) was obtained by centrifuging blood at 200 × g at 4°C for 10 min to obtain platelet-rich plasma and then centrifuging platelet-rich plasma at 10,000 × g at 4°C for 2 min. The PFP was used to measure concentrations of 5-HT and 5-hydroxyindoleacetic acid (5-HIAA). Saliva was collected from all pigs using cotton gauze on d 5, 10, and 15 before collecting blood (0630 to 0700 h) to measure salivary cortisol. Pigs were introduced and trained with cotton gauze in the beginning of this experiment to ensure the collection procedure for saliva during experiment period would not disturb the stress condition of the pigs. Cotton gauze chewed by a pig approximately 1 min was used to collect saliva. Gauzes were then placed in tubes on ice until centrifugation at 1,500 × g at 4°C for 10 min to separate saliva from gauze. Saliva samples were stored in −80°C until analysis. All pigs were euthanized by electrocution on d 15. The brain was quickly removed, and the hypothalamus was dissected and frozen in liquid nitrogen then stored in −80°C. After thawing, the hypothalamus (0.5 g) was weighed and homogenized (Tissuemiser, Thermo Fisher Scientifi c Inc., Rockford, IL) on ice, using 1 mL of buffer containing 25 mM Tris-HCl, pH 7.4, 1 mM EDTA, and 1 mM ethylene glycol tetraacetic acid. The homogenate was centrifuged at 15,000 × g at 4°C for 30 min. The supernatant was used to determine concentrations of 5-HT, 5-HIAA, and protein.
Serotonin and 5-Hydroxyindoleacetic Acid
Concentrations of 5-HT and 5-HIAA in the hypothalamus and PFP were determined using commercial ELISA kits (IBL, Hamburg, Germany) as previously described (Bethea et al., 2003) . All samples were tested in duplicate. Intra-and interassay CV for 5-HT were 3.8 and 6.0%, respectively. Intra-and interassay CV for 5-HIAA were 4.8 and 5.7%, respectively. Concentrations of 5-HT and 5-HIAA in PFP were expressed as ng/mL, whereas ng/mg hypothalamic protein was used for hypothalamic 5-HT and 5-HIAA.
Hypothalamic Protein Assay
Concentration of protein in hypothalamic tissue extract was measured using a commercial kit (Thermo Fisher Scientifi c Inc., Rockford, IL). Bovine serum albumin standards were prepared in 0.1 M perchloric acid. The standard and samples (10 μL) were added to 200 μL bicinchoninic acid working reagent, prepared as the manufacturer's instruction, in duplicate in a 96-well 
Salivary Cortisol
Cortisol concentrations in saliva were determined using a commercial RIA kit (Diagnostic Products Corp., Los Angeles, CA) modifi ed for pig (Hicks et al., 1998 ). All samples were tested in duplicate. Intra-and interassay CV were 4.0 and 4.0%, respectively.
Malonedialdehyde
Plasma and hypothalamic extract MDA was measured as an index of systemic lipid peroxidation and was determined using a commercial ELISA kit (Cell Biolabs, San Diego, CA) according to manufacturer's instruction. All samples were tested in duplicate. Plasma MDA was expressed as μM, whereas hypothalamic MDA amount was expressed as μmol/g hypothalamic protein.
Plasma Urea Nitrogen
Plasma urea nitrogen was determined using a urea N kit (Stanbio Laboratory, Boeme, TX), which allowed for direct measurement of urea using the method of Sampson et al. (1980) . All samples were tested in duplicate. Intraand interassay CV were 2.6 and 3.0%, respectively.
Physical Activity and Aggressive Behavior Measurement
To evaluate the effect of L-Trp on behavior, behavior of pigs was recorded right after mixing of 2 pigs that had been previously housed individually. Pigs paired were from different litter origins and housed in a new pen. Behavior of each pig was continuously recorded for 12 h (0800 to 2000 h) in real time with rate of 12 frames/s using a ceiling-mounted circuit-closed television camera (Q-See QD28414C4, Digital Peripheral Solutions Inc., Anaheim, CA) that connected to a digital video recorder (Q-See QSDT8DP, Digital Peripheral Solutions Inc.) during each day of a 2-d observation period, resulting in a total of 2 × 12 h behavior recordings for each observation period. A previously trained observer watched all recorded videos. Pigs were identifi ed by colored marks with different shapes on their back. Data were analyzed by classifying behavior into lying, standing, sitting, eating, and drinking. An instantaneous scan-sampling method with 1-min intervals was used to determine percentage of time spent on various behaviors for every other hour from 0800 to 2200 h during 2-d observation period as described by Bolhuis et al. (2010) . During each 2-d observation period, each pig was observed for a total of 720 times (720 scans). Aggressive behavior is a part of standing and defi ned as agonistic interactions between pigs. Aggressive behavior was further divided into fi ghting and aggression. Fighting includes parallel pressing, inverse parallel pressing, and mutual bite, which are intensive aggressive social interactions between pigs. Fighting occurs during the fi rst few hours after mixing, which is decisive for order of dominance (D'Eath, 2002; Li et al., 2006) . Aggression, however, includes biting, knocking, and levering, which are defi ned as 1-sided aggressive behavior that 1 pig acts on the other pig (Rushen, 1987; D'Eath, 2002) . To assess aggressive behavior, the video data were analyzed by a previously trained observer. Aggressive behavior was measured for 6 h from 0800 to 1400 h during the fi rst day of observation. Number and total duration of fi ghting (parallel pressing, inverse parallel pressing, and mutual bite) and number of aggressions (biting, knocking, and levering) observed were recorded as described by D'Eath (2002) . Total duration of aggression was not able to be measured because these behaviors occur instantly without measurable duration.
"Lying" refers to recumbence of the pig on its belly or side. The defi nition of "standing" is that the pig is upright with all feet on the ground. The pig can be stationary or moving, but not eating and drinking. The defi nition of "sitting" is that the pig is upright with front legs straight and back legs bent with rear on fl oor (dog-like). "Eating" is that the pig stands with its head in the feeder. "Drinking" is that the pig stands with its mouth over the drinker nozzle. "Parallel pressing" is defi ned as pigs pushing hard against each other side-by-side and throwing their head against each other. "Inverse parallel pressing" is a similar behavior except that pigs are aligned in opposite directions and push their heads or shoulders against each other. "Mutual bite" is defi ned as a pig that bites the other pig and receives a bite from the same pig within 5 s. The defi nition of "biting" is that a pig delivers a bite to the body of the other pig without receiving any aggressive feedback from the same pig within 5 s. "Knocking" refers to a pig throwing its head against the head, neck, or body of the other pig. Finally, "levering" occurs when a pig puts its snout under the body of another pig and lifts it up in the air (Li et al., 2006) .
Statistical Analysis
Data for each response were analyzed using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC). The design was a randomized complete block design. The main effect was different supplemental quantities of L-Trp and the block was litter origin. Two pigs in the same pen during the behavior measurement were considered the experimental unit for behavior data, whereas individual pig was considered as the experimental unit for other measurements. Behavior data underwent square root transformation before statistical analysis. Statistical differences were considered signifi cant with P < 0.05. Polynomial contrasts were used to determine linear and quadratic effects. Regression analysis was conducted using the linear regression model (PROC REG) between salivary cortisol and hypothalamic 5-HT, as well as PUN and salivary cortisol. Average daily gain, hypothalamic 5-HT, salivary cortisol, PUN, and hypothalamic MDA were plotted with average daily total Trp intake of each pig. A one slope broken-line analysis was conducted using the nonlinear regression model (PROC NLIN) of SAS to estimate the breaking point of daily total Trp intake (Robbins et al., 2006) . We defi ned parameters for the breakpoint (BP), an asymptote for the fi rst segment (L), and a slope for the line segments (U). The one slope model can be written as y = L + U × z1 (if daily total Trp intake is ≥ BP, then z1 = 0; if daily total Trp intake is < BP, then z1 = BP -daily total Trp intake).
RESULTS

Growth Performance
During the fi rst 5 d, ADG and G:F increased (linear, P < 0.01; Table 2) 
Serotonin and 5-Hydroxyindoleacetic Acid
Supplementation of L-Trp had no effect on 5- HT (63.6, 65.1, 88.5, 110.6, 92.7, and 50 .4 ng/mL on d 15 for 0, 2, 4, 6, 8, and 10 g/kg of L-Trp supplementation groups, respectively) in PFP. However, hypothalamic 5-HT and 5-HIAA increased (linear, P < 0.01 and P = 0.03, respectively) with increasing supplemental L-Trp (Table 3) . Using a 1 slope broken-line analysis, the BP for hypothalamic 5-HT occurred at 8.7 g/d of total Trp intake (Eq.: y = 628 -533 × z1; P < 0.01; R 2 = 0.19; Figure 2 ).
Salivary Cortisol
On d 15, salivary cortisol decreased (linear, P < 0.01; Table 3 ) with increasing supplemental L-Trp. However, those effects were not observed on d 5 and 10. Using a 1 slope broken-line analysis, the BP for salivary corisol on d 15 occurred at 7.1 g/d of total Trp intake (Eq.: y = 1.53 + 1.85 × z1; P < 0.01; R 2 = 0.22; Figure 3) . A negative relationship (P < 0.01; R 2 = 0.11) between salivary cortisol and hypothalamic 5-HT on d 15 was observed in our study (Figure 4 ).
Malondialdehyde
Plasma and hypothalamic MDA decreased (linear, P = 0.01 and P < 0.01, respectively; Table 3 ) with increasing supplemental L-Trp. Using a 1 slope broken-line analysis, the breakpoint for hypothalamic MDA on d 15 occurred at 3.3 g/d of total Trp intake (Eq: y = 60 + 16 × z1; P < 0.01; R 2 = 0.14; Figure 5 ). 
Plasma Urea Nitrogen
Plasma urea nitrogen on d 5 and 15 decreased (linear, P < 0.01; Table 3 ) with increasing supplemental L-Trp. Using a broken-line analysis, the breakpoint for PUN on d 15 occurred at 6.6 g/d of total Trp intake (Eq.: y = 61 + 44 × z1; P < 0.01; R 2 = 0.18; Figure 6 ). A positive relationship (P < 0.01; R 2 = 0.11) between PUN and salivary cortisol on d 15 was observed in our study (Figure 7) .
Physical Activities and Aggressive Behaviors
There were quadratic decrease (P = 0.04) in lying, linear decrease (P = 0.04) in sitting and linear increase (P = 0.02) in drinking with increasing supplemental L-Trp during the fi rst 2-d observation period (Table 4) . No effects of L-Trp were observed on physical activities during the second 2-d observation period. The number, total duration, and average duration of fi ghting, as well as number of aggression, were not affected by L-Trp supplementation during both the fi rst 2-d observation period and the second 2-d observation period (Table 5) .
DISCUSSION
Serotonin is synthesized from Trp, which originates from feedstuff or body pool. About 95% dietary Trp absorbed is metabolized through the kynurenine pathway, whereas less than 5% is metabolized through the methoxyindole pathway to generate 5-HT (Fernstrom and Wurtman, 1971) . Availability of Trp as a substrate is the 1 rate-limiting factor of the methoxyindole pathway of 5-HT biosynthesis (Fernstrom and Wurtman, 1971; Meunier-Salaün et al., 1991) . Thus, synthesis of 5-HT in the brain largely depends on availability of Trp (Fernstrom and Wurtman, 1971; Young and Gauthier, 1981) . Concentration of 5-HT in the brain can be aug- mented by increasing the availability of Trp. Oral administration of L-Trp has already been reported to increase 5-HT concentration in the brain in both humans and other animals (Attenburrow et al., 2003; Koopmans et al., 2006) . Other dietary manipulation strategies regulating relative availability of Trp by altering dietary concentration of large neutral AA have also been shown to successfully change 5-HT concentrations in the brain because Trp and other large neutral AA share the same transporter to cross the blood brain barrier (Fernstrom and Wurtman, 1972; Markus et al., 1998 Markus et al., , 2000 Scrutton et al., 2007) . In our study, 5-HT and 5-HIAA concentrations in the brain increased with increasing supplemental L-Trp. This is consistent with the study reported by Koopmans et al. (2006) . They observed increase of 5-HT concentrations in the brain by increasing the quantity of dietary Trp. We did not measure Trp concentration in plasma, because hypothalamic 5-HT was measured as a direct indicator of the effects of dietary Trp, which was clearly affected by Trp intake. Free Trp in plasma ranges between 5 to 50% of total Trp pool, depending on the physiological condition (Knott and Curzon, 1972; Curzon and Fernando, 1976) . Plasma free Trp, therefore, might not be an accurate indicator to determine the effect of Trp intake on hypothalamic 5-HT.
The 5-HT, as a specifi c neurotransmitter, plays a major role in social interactions and behavioral responses in human and domestic animals (Cortamira et al., 1991; Markus et al., 2000; Lepage et al., 2003; Koopmans et al., 2005 Koopmans et al., , 2006 . One type of social interactions, in which 5-HT is primarily believed to inhibit, is aggressive behavior (Valzelli, 1984; Eichelman, 1990; Poletto et al., 2010) . In humans, administration of Trp to treat aggressive behavior has been evaluated (Morand et 2 Behavior (lying, sitting, eating, standing, and drinking) was measured every other hour from 0800 to 2200 h for 2 d. The percentage data underwent square root transformation. Volavka et al., 1990) . Extensive studies on experimental and farm animals also indicated the direct involvement of hypothalamic 5-HT on controlling aggressive behavior (Valzelli, 1984; Eichelman, 1990; Poletto et al., 2010) . Interestingly, studies conducted on monkeys have directly shown that increasing 5-HT concentration in the brain promoted affi liation interactions and the acquisition of dominance, and reduced aggression (Chamberlain et al., 1987; Raleigh et al., 1991) . Recently, Poletto et al. (2010) reported that high Trp feedstuff reduced physical activity and aggressiveness of gilts through the brain serotonergic system. However, behavioral observations in our study are not consistent with previous reports (Valzelli, 1984; Chamberlain et al., 1987; Eichelman, 1990; Raleigh et al., 1991; Poletto et al., 2010) . Aggressive behavior (number and duration of fi ghting and number of aggression) was not affected by L-Trp supplementation during both the fi rst and the second 2-d observation periods. One speculation could be that a prolonged feeding of a certain amount of Trp is necessary to affect behavioral responses (Koopmans et al., 2006) . This fi nding is largely consistent with studies reported by Koopmans et al. (2006) and Sève et al. (1991) . In our study, percentage of time spent on physical activities such as eating and standing was not affected by dietary L-Trp. Interestingly, with increasing supplemental L-Trp, there were quadratic decrease in lying, linear decrease in sitting, and linear increase in drinking. We speculate that these effects may be related to 5-HT production in the brain, as antidepressant role of Trp is well documented (Graeff et al., 1996) . Rapid turnover of 5-HT in synaptic gaps at high amounts of psychobiologic arousal under social stress would require greater amounts of 5-HT production to maintain the activity of 5-HT circuits. Failure to increase 5-HT production would result in the depression, which referred as passive and quiescent behavior (Young and Teff, 1989) . Therefore, we speculate that pigs fed with the low quantities of supplemental L-Trp failed to increase synthesis of 5-HT after they received stress from pen mixing. In that instance, 5-HT might not be adequate to support the correlative high activity of 5-HT circuits. Hence, pigs showed increased passive behavior. In mammals, 5-HT is believed to have a stimulatory effect on the hypothalamic-pituitary-adrenal axis (Coccaro, 1989; Dinan, 1996) . Increased concentrations of several stress hormones by 5-HT precursor or agonist has been reported by Coccaro (1989) and Dinan (1996) . However, we found that salivary coritsol decreased with increasing supplemental L-Trp. The decrease of cortisol might be due to the alternation of brain serotonergic signaling pathway, which could help to cope with stress and consequently contribute to decreased cortisol in saliva (Markus et al., 2000) . Lapin and Oxenkrug (1969) originally hypothesized that cortisol secretion is negatively associates with 5-HT when subjects are under stress. They proposed that the decreased 5-HT concentration would increase the production of cortisol because of weakened negative feedback of 5-HT on amygdaloidal complex (Rubin et al., 1966; Lapin and Oxenkrug, 1969) . This indicates 5-HT is critical to stress adaptation.
Physical separation from their dams and adaptation to a new environment because of changes in feed and pen mates are well documented stressors for pigs (Vaux and Ruggiero, 1983; Mendl et al., 1992; Marchant-Forde, 2002; Guerra et al., 2003; D'Eath et al., 2010) . Under such stressors, a typical response of pigs would be stimulation of the hypothalamic-pituitary-adrenal axis and increase of cortisol secretion (Coccaro, 1989; Dinan, 1996) . Enhanced 5-HT activity involving alternative serotonergic pathways was the key of stress adaptation (Deakin and Graeff, 1991; Graeff et al., 1996) . Increasing hypothalamic 5-HT might affect the adaptation process toward stress and subsequently decrease the cortisol response (Mason, 1968; Henry and Meehan, 1981) . Reduced secretion of cortisol by hypothalamic 5-HT was confi rmed in trout fi sh by Lepage et al. (2003) . Markus et al. (2000) also reported that consumption of Trp-rich bovine protein α-lactalbumin reduced cortisol secretion and helped stress adaptation in stress vulnerable humans under experimental stressors. Moreover, a carbohydrate-rich protein-poor feedstuff has been reported to reduce cortisol secretion and promote stress adaptation through increasing the plasma ratio of Trp to large neutral AA (Markus et al., 1998) , which will enhance the use of Trp in the brain. Thus, the inhibitory effect of L-Trp supplementation on cortisol secretion that we observed in this study may be due to the benefi cial effects of elevated hypothalamic 5-HT.
Plasma urea nitrogen, a waste product of protein breakdown, decreased when supplemental L-Trp increased. This indicates that L-Trp supplementation either improves effi ciency of nitrogen utilization or reduces protein breakdown. There are several factors that could lead to the changes in PUN. These include anabolic factors such as growth hormone or increased protein synthesis, and catabolic factors such as shock, stress, or immune response. We observed a positive relationship between PUN and salivary cortisol on d 15. Other studies also confi rmed a positive relation between PUN and cortisol (Hopkins et al., 1995; McDonald and Wood, 2003) . Considering the effect of L-Trp supplementation on salivary cortisol concentrations shown in this study, it is suggested that the decrease in PUN may be partly caused by the decreased salivary cortisol in association with L-Trp supplementation.
Tryptophan is believed to have antioxidative effects against oxidative stress. Previous studies confi rmed that dietary administration of L-Trp reduced oxidative stress (Katayama and Mine, 2007; Rodriguez et al., 2007; Paredes et al., 2009; Tsopmo et al., 2009) . Paredes et al. (2009) reported that oral administration L-Trp increased serum melatonin concentrations, enhanced superoxide dismutase activity, and reduced lipid peroxidation induced by antigen. Radical scavenging activity of L-Trp has been demonstrated by Tsopmo et al. (2009) . Addition of L-Trp in infant formula increased the antioxidant capacity. We also showed that dietary supplementation of L-Trp decreased MDA in plasma and hypothalamus. However, L-Trp had no antioxidative effect on rigidity of hepatic cell membrane in one study (Reyes-Gonzales et al., 2009) . It was interesting to note that Trp showed enhanced antioxidative activity only under stressed conditions (Katayama and Mine, 2007) .
Melatonin is a metabolite of 5-HT through the methoxyindole pathway in the pineal gland. Melatonin has direct scavenging actions against free radicals (Tan et al., 2007; Peyrot and Ducrocq, 2008) and indirect effects on antioxidant enzymes such as superoxide dismutase (Kedziora-Kornatowska et al., 2007; Reiter et al., 2008) . Thus, Trp could affect oxidative status through melatonin synthesis (Paredes et al., 2009 ). The metabolites of kynurenine pathway such as 3-hydroxykynurenine and 3-hydroxyanthranilic acid are also strong antioxidants (Christen et al., 1990; Christen et al., 1994; Thomas et al., 1996) . Some researchers reported that 3-hydroxykynurine and 3-hydroxyanthranilic acid could protect low density lipoprotein from lipid peroxidation by regenerating α-tocopherol through their powerful peroxyl radical scavenging function (Christen et al., 1990 (Christen et al., , 1994 Thomas et al., 1996) . This could be another mechanism by which Trp reduces lipid peroxidation.
Tryptophan is an indispensable AA for an optimal growth of pigs (Ball and Bayley, 1984; Yen et al., 2002) . The NRC (1998) recommendation for true ileal digestible Trp requirement of 10 to 20 kg pigs is 0.18%. Similar result has been verifi ed by Guzik et al. (2005) . However, the recommended requirement of Trp in Europe (ARC, 1981) is slightly greater than the NRC (1998) recommendation. The goal of our study was not to fi nd a requirement of Trp for optimal growth of pigs, but to investigate the biological function of L-Trp in pigs. We observed improved growth performance of pigs with increasing supplemental L-Trp during entire period. This result is consistent with a study by McGlone et al. (1985) , who reported 0.5% addition of L-Trp in a feedstuff had improved ADG of nursery pigs during the fi rst 7 d of the trial. Improved growth performance in our study could be due to the benefi cial effects of Trp on stress adaptation as shown in reduced cortisol and MDA because reduced stress is associated with improvement of growth performance (Hemsworth et al., 1981 (Hemsworth et al., , 1987 Hemsworth and Barnett, 1991) . Furthermore, increased basal cortisol concentrations were consistently related to reduction in growth (Hemsworth et al., 1987; Hemsworth and Barnett, 1991) . Reduced PUN by L-Trp supplement shown in our study also supports the benefi cial effects of supplemental L-Trp on growth and nutrient utilization.
In conclusion, dietary supplementation of L-Trp affected pig behavior by increasing drinking and reducing sitting and lying although aggressive behaviors were not affected. Supplementation of L-Trp improved growth performance of nursery pigs under social stress, which was associated with increased hypothalamic 5-HT production, reduced stress hormone concentrations, and decreased systemic and hypothalamic lipid peroxidation in nursery pigs. From a broken-line analysis, when pigs under social stress were consuming isonitrogenous feedstuffs, BW gain was maximized when daily total Trp intake was 10.8 g, which is greater than Trp requirement of typical nursery pigs suggested by NRC (1998), which is 2.1 g total Trp per day.
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